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Executive Summary Project Objective
The objective of the research under this subcontract is to explore, identify, evaluate, and develop non-conventional photovoltaic technologies capable of making a breakthrough in the production of low cost electricity from sunlight. The specific objectives are to 1) develop microwave glow discharge parameters for the deposition of high quality microcrystalline silicon (µc-Si:H) thin films at high rate, 2) characterize this microcrystalline material, and 3) fabricate high efficiency microcrystalline nip solar cells.
Background and Approaches
At United Solar, we use various techniques to explore the possibility of making µc-Si:H solar cells as the bottom cell in multi-junction structures. For example, we have achieved a 14.6% initial active-area efficiency using an a-Si:H/a-SiGe:H/µc-Si:H triplejunction structure deposited with conventional RF glow discharge at a low rate ~1 Å/s. Similarly, we have obtained a 12.5% initial active-area efficiency with an a-Si:H/µc-Si:H double-junction structure, but deposited with Modified Very High Frequency (MVHF) at relatively high rates ~3-5 Å/s. In order to be viable for production, we need to increase the deposition rate further. Microwave glow discharge has been used to deposit a-Si:H and a-SiGe:H alloy solar cells at a very high deposition rate ~100 Å/s. In this project, we use this technique to make µc-Si:H solar cells using the following approaches:
Use of hydrogen dilution: Hydrogen dilution is a key technique in depositing µc-Si:H, but the dilution level for obtaining microcrystalline material depends on the deposition process. Our approach is to optimize the hydrogen dilution level to obtain good quality µc-Si:H material at the desired deposition rate. We find that the required hydrogen dilution strongly depends on several deposition parameters such as substrate temperature, microwave power and substrate material. Therefore, the optimized dilution ratio is found to be different for different choices of parameters.
Control ion bombardment: In general, a certain level of ion bombardment is necessary for making good quality material, but bombardment with high-energy ions is likely to damage the deposited material. The ion energy and flux strongly depend on the chamber pressure and other deposition conditions. The bias voltage between the plasma and substrate also affects the ion bombardment. We have studied the pressure dependence on the cell performance and dilution with different gases such as H 2 , Ar and Ne.
Optimize the deposition system: The microwave deposition system used in this study was designed based on the requirements of a-Si:H and a-SiGe:H alloy deposition. In order to obtain high quality µc-Si:H solar cells, we have modified the deposition system according to the special requirements of µc-Si:H deposition such as high hydrogen dilution. We find that under high hydrogen dilution, it is difficult to sustain vi plasma under low pressure. By changing the hardware, we have expanded the parameter window for obtaining a stable plasma.
Use of strong etchant gases: One mechanism by which hydrogen dilution leads to the improvement of material quality is that hydrogen radicals etch away the less ordered materials from the deposition surface. Use of gases that produce strong etching species in the plasma is expected to lead to more ordered material. It is well known that fluorine has a strong etching effect. In this program, we investigate the effect of fluorine containing gases, such as SiF 4 in the microwave glow discharge.
Optimize cell structure: We have optimized the n/i and i/p interfaces by inserting suitable buffer layers and found that an initial n/i seeding layer can reduce the crossover between the dark and light J-V characteristics and improve fill factor. An optimized i/p buffer layer can suppress the shunt current and improve the open-circuit voltage and fill factor.
Status/Accomplishments
During the program, we have worked on the improvement of the microwave glow discharge system to satisfy the requirement of µc-Si:H deposition, and concentrated on the optimization of microwave plasma parameters. We have made comparison studies of the material properties of high rate µc-Si:H using microwave to those made using other techniques such as RF and MVHF. The main areas studied and achievements are as follows: H 2 , Ar and Ne dilution: We have studied the deposition of µc-Si:H solar cells using mixtures of SiH 4 and H 2 , SiH 4 and Ar, and SiH 4 and Ne. H 2 dilution promotes the microcrystalline formation, but results in difficulties in sustaining the plasma. Ar dilution leads to stable plasma in a very wide range of pressure, but the material remains amorphous. Ar has relatively low ionization energy, but causes high bombardment due to its large mass. Based on this analysis, we speculated that Ne could help to obtain stable plasma, and at the same time provide moderate ion bombardment. Unfortunately, we found that Ne dilution did not give the desired effect of sustaining the plasma. The best µc-Si:H solar cell was made with moderate H 2 dilution.
Pressure dependence: Pressure is also a critical parameter for microwave plasma deposition. We found that a low pressure is required for low H 2 dilution ratios to reach the amorphous/microcrystalline transition. We can deposit µc-Si:H solar cells with pure SiH 4 under a pressure around 10 mTorr. However, a low pressure requires high power to sustain the plasma.
Microwave power: High microwave power promotes µc-Si:H deposition, but good quality µc-Si:H material is deposited with the lowest power just high enough to sustain the plasma. vii Substrate temperature: In the region of 200 to 450 °C studied, it is easy to reach the amorphous/microcrystalline transition. The optimized temperature is around 300 to 350 °C.
Use of F containing gases: We have added a small amount of SiF 4 into the mixture of SiH 4 and H 2 , and found that SiF 4 does not improve the cell performance under deposition conditions studied.
Device structure: An optimized initial seed layer is critical for µc-Si:H solar cells. The seed layer can be a µc-Si:H n layer, or a high H 2 diluted µc-Si:H intrinsic layer deposited using RF at a low rate.
Material characterization: We studied the µc-Si:H properties using X-Ray diffraction (XRD), Raman, and small angle X-ray scattering (SAXS) and compared the results to the µc-Si:H films deposited using RF and MVHF. We found that the microwave deposited µc-Si:H has a preferential growth direction along (111), which is different from the (220) preferential direction of RF and MVHF deposited µc-Si:H films. We believe that the high-energy ion bombardment resulted in a discontinuous growth of grains and suppressed the (220) preferential orientation. SAXS measurements find that the microwave deposited µc-Si:H film has high microvoid density up to 3% in volume, which is significantly higher than those in the RF and MVHF deposited µc-Si films (around 0.5% in volume). Solar cell performance: We have achieved a µc-Si:H single-junction cell having an initial active-area efficiency of 4.92%, where the intrinsic µc-Si:H layer was deposited in 210 seconds, corresponding to about 30 Å/sec. Using this recipe in the bottom cell of an a-Si:H/µc-Si:H double-junction structure, we have obtained an initial active-area efficiency of 7.2% with J sc =8.52 mA/cm 2 , V oc =1.32 V, and FF=0.642.
Main Conclusions
Microwave plasma can deposit µc-Si:H solar cells at very high rates ~20-30 Å/s. The material quality and solar cell performance are not as good as those deposited using RF and MVHF glow discharge techniques.
The main differences between the microwave plasma deposited µc-Si:H and those deposited with RF and MVHF are (111) orientation instead of (220) orientation based on XRD and high microvoid density based on SAXS measurements.
Major Reports Published
Quarterly reports and annual reports are submitted according to the contract requirements. 
Hydrogen, Argon, and Neon dilution
Hydrogen dilution is the key technique for improving a-Si:H quality [1] . The best a-Si:H and a-SiGe:H alloys are made near the amorphous to microcrystalline transition [2] , where nano-structured linear objects were found [3] . On the other hand, the best µc-Si:H solar cells are deposited with a hydrogen dilution ratio close to the microcrystalline/amorphous transition, under which conditions the µc-Si:H material shows a compact structure with low defect density [4] . In this project, we systematically studied the hydrogen dilution effects on solar cell performance. From previous studies, we learned that V oc is a very sensitive parameter with which to measure the phase transition from amorphous to microcrystalline phase. Therefore, we monitored the V oc as a function of H 2 dilution is required for making µc-Si:H films, the microwave plasma does not need very high H 2 dilution, which allow us to deposit µc-Si:H solar cells at relatively high deposition rates. Currently, our deposition rate is in the range of 20-40 Å/s. When the H 2 flow rate is increased further, V oc is observed to decrease slightly, along with an increase of long wavelength response obtained from quantum efficiency measurements, indicative of an increase of crystalline volume fraction.
We also scanned other parameters (details are in the following sections) and found that for the microwave low discharge deposition, µc-Si:H is easily obtained under low pressure with high hydrogen dilution, high microwave power, and high temperature. However, good µc-Si:H solar cells were made under low pressure with low microwave power. On the other hand, we have difficulties in sustaining plasma under conditions of low power and low pressure. In this quarter, we have focused on the optimization of plasma conditions including the use of various dilution gases and modification of the plasma chamber to improve the stability of the microwave plasma with low power and under low pressure.
It is known that one can easily obtain plasma with Ar gas due to its low ionization energy. However, as shown in Fig. 1 , high Ar dilution tends to make the material amorphous, probably due to high ion bombardment. In contrast, high H 2 dilution easily turns the material microcrystalline. A question then arises that with high H 2 dilution and adding a small amount of Ar as plasma igniter or stabilizer, can we obtain stable plasma under lower pressure with low power? In addition, with Ar under low pressure, can we improve the µc-Si:H cell performance? For this purpose, we have carried out a study on the effect of Ar on plasma stability and cell performance. As expected, a small amount of Ar can significantly improve the stability of the microwave plasma. For example, under a given condition, the lowest pressure was around 20 mTorr. Below this value, plasma could not be sustained. By adding 10 sccm of Ar, we can obtain stable plasma under pressures below 10 mTorr. Table I lists the J-V characteristics of µc-Si:H solar cells made with different Ar flow rates and under different pressures. It appears that we can deposit µc-Si:H under a relatively low pressure with a small amount of Ar flow, but the cell performance is not improved. We repeated similar experiments several times and obtained similar results. By analyzing this result and the nature of Ar in the plasma, we believe that low pressure is desirable for microcrystalline formation by reducing polymerization and increasing ion bombardment. Adding Ar helps by reducing the minimum pressure for sustaining the plasma. However, the Ar atom is probably too large and causes high-energy ion bombardment, which damages the material quality.
As discussed above, Ar can reduce the pressure necessary for sustaining microwave plasma, but does not improve µc-Si:H cell efficiency. High-energy ion bombardment could result in poor material quality. Based on this analysis, we thought Ne could be a candidate. First, Ne also has a low ionization energy, which would help in reducing the minimum pressure for stable plasma. Second, a Ne atom is much lighter than an Ar atom, which may alleviate some of the high-energy ion bombardment. However, we found experimentally that Ne did not reduce the required minimum pressure for stable plasma. Figure 2 shows the minimum microwave power required for sustaining plasma 
Substrate Temperature Dependence of µc-Si:H Solar Cell Performance
Our previous experience with a-Si:H studies tells us that high substrate temperatures give rise to high diffusion coefficients for radicals on the growing surface and allow for the radicals to find a lower energy position and form compact material. If the substrate temperature is too high, hydrogen will diffuse out of the growing surface and the bulk of the deposited material and leave dangling bonds behind. The optimized temperature also depends on the deposition rate. Normally, high rate depositions require high temperatures. Similarly, an optimized substrate temperature for microcrystalline silicon deposition may depend on the deposition rate. In the literature, researchers found that the optimized substrate temperature is around 200 ºC for µc-Si:H solar cell deposition, at which the defect density is the lowest [4] . It has also been reported that in order to reduce the influence of oxygen, one needs to reduce the substrate temperature to around 150 ºC [5] , at which temperature oxygen is not electronically active. Even though the oxygen content could be high, it does not affect the solar cell performance.
In this project, we also systematically studied the effects of substrate temperature on the µc-Si:H cell performance. Figure 3 plots the µc-Si:H solar cell parameters as a function of substrate temperature, where all the other plasma parameters are kept the same. The intrinsic layer is about 700-800 nm thick and deposited in 210 s, which corresponds to a deposition rate of over 30 Å/s. The V oc decreases with the increase of substrate temperature, while FF and J sc are relatively insensitive to temperature for most temperatures. The low J sc and high V oc at 300 ºC indicate a low crystalline volume fraction. With increasing temperature, FF is improved, but V oc continually decreases, indicating the increase of microcrystalline volume fraction. However, J sc does not increase with temperature. Overall, the optimized substrate temperature is around 325 °C, which is higher than the optimized temperature with other deposition parameters such as VHF and RF glow discharge at a high pressure depleting regime.
The optimized substrate temperature depends on other deposition parameters such as pressure, microwave power and hydrogen dilution ratio. We have scanned the substrate temperature over a wide range from 250 °C to 410 °C. In the meantime, we have adjusted other parameters such as the dilution ratio to keep the material microcrystalline. Table III Here, we need to be cautious since V oc is not a very reliable measure of microcrystallinity. The material quality, such as defect density, also plays an important role in determining V oc . At lower temperatures, either a high microwave power or a high hydrogen dilution is needed to keep the material in the microcrystalline region. 
Effects of microwave power on µc-Si:H solar cells
In order to sustain the plasma, a certain level of microwave power is required. Table IV lists a set of J-V characteristics of µc-Si:H solar cells made with the same conditions except for different microwave powers. It is noted that V oc decreases significantly with the increase of microwave power, which may be due to an increase of crystalline volume fraction. However, J sc does not increase as much as we expected. In addition, FF decreases with the increase of microwave power, which implies that the quality of the material becomes poorer with higher microwave power. Although the crystalline volume fraction may be high with high power, the defect density may be high too. In this case, the J sc does not increase due to recombination through defects, and at the same time, low FF appears. However, when the power is too low, the J sc is also low, which means that there are not enough crystallites to absorb the long wavelength photons. Overall, 650 W of microwave power produces the best solar cell under these conditions. One should keep in mind that the material properties and solar cell performance depend on many other parameters. Different combinations of plasma parameters may need different power to produce the best solar cell. 
Effects of Chamber Pressure and Ion Bombardment on µc-Si:H Solar Cells
We also systematically studied the effects of chamber pressure on solar cell performance. In general, we find that it is easier to reach the amorphous/microcrystalline transition under a lower pressure than under a higher one. It is well know that the ion bombardment is high under a low pressure. The ion bombardment might promote the microcrystalline formation, but the continued growth of crystallites may be disturbed. In addition, a high microwave power might also cause a high defect density and a low cell performance. We explored the possibility of making µc-Si:H under high pressure with high H 2 dilution. First, we made solar cells under 80 mTorr with various hydrogen dilutions. Figure 4 Unfortunately, the µc-Si:H solar cells made under high pressure show significant ambient degradation similar to those unoptimized µc-Si:H solar cells deposited using MVHF [6] . The J sc degrades without intentional light soaking.
Next we tried even higher pressures and found that under high pressures around 1.0 Torr the plasma glow appears to only surround the gas inlet (most of the chamber space is in the dark) and consequently the deposition rate is very low. We could only obtain reasonably high deposition rate under pressures lower than 200 mTorr. However, under 200 mTorr, most of the deposited materials are amorphous. Table V lists the J-V characteristics for a set of solar cells made under 200 mTorr. Since under high pressure, the plasma is easy to sustain, we started with low power. It appears that all the cells show high V oc for the H 2 dilution range. From previous experience, we know that under a given pressure, high microwave power and high substrate temperature promote microcrystalline formation. The next experiment was to investigate whether we can deposit µc-Si:H under 200 mTorr with high microwave power. Table VI summaries the performance of solar cells made with different microwave powers but with the same gas flow rates. It shows that high power is needed to make the amorphous/microcrystalline transition. However, at our current stage, we have not obtained promising results to the high-pressure regime. 
Effects of SiF 4 on µc-Si:H solar cells
Hydrogen dilution ratio is a very important parameter to control the amorphous to microcrystalline transition. However, many mechanisms are involved in microcrystalline formation when high hydrogen dilution is used [7] [8] [9] ; among them, one explanation is the etching effect. Atomic hydrogen etches the weakly bonded amorphous structures away and leaves the strongly bonded crystalline structures on the growing surface. It is well known that fluorine-containing gases have a stronger etching effect than atomic hydrogen. In addition, fluorine forms stronger chemical bonds with silicon than hydrogen with silicon. The strong Si-F bonds may have a positive effect on grain boundary passivation. Based on this analysis, we tried to introduce SiF 4 in the microwave plasma for µc-Si:H solar cell deposition. Table VII lists a series of µc-Si:H solar cells made under various conditions with different SiF 4 flow rates. From sample 7951 to sample 7955, we found that the materials with SiF 4 become amorphous as indicated by the increased V oc and reduced J sc . This result is very surprising to us because we thought that fluorine would help in forming microcrystalline due to its strong etching effect. We tried to start from a baseline with more microcrystalline volume fraction by increasing the substrate temperature to 350 ºC (sample 7865). We added small amounts of SiF 4 between 0.5 to 5 sccm. One can see that even a small amount of SiF 4 (0.5 sccm) has reduced J sc significantly. We also investigated different deposition conditions and found that a small amount of SiF 4 always deteriorates the µc-Si:H solar cell performance significantly by reducing J sc . The reason for the negative effect of SiF 4 in µc-Si:H solar cells is not clear at this moment. Further studies on the material properties will help to understand this mystery. 
Optimization of the cell structure
The solar cell performance not only depends on the material quality, but also on the device structure, especially at the interface. It is well known that crystal grows starting from an amorphous incubation layer. In an nip solar cell, the incubation layer is on top of the n layer. If the incubation layer is too thick, it will affect the carrier transport. Since the deposition rate is very high for microwave glow discharge, the transition from an amorphous incubation layer to a fully microcrystalline phase could not be very sharp. In this case, the cell performance is strongly limited by the interface. Experimentally, we found that if the intrinsic µc-Si:H layer is directly deposited onto an aSi:H n layer, the cell shows a crossover between the dark J-V and the light J-V curves as shown in Fig. 5(a) . We then developed a recipe for an n type µc-Si:H layer. Fig. 5(b) shows the J-V characteristics of a µc-Si:H solar cell deposited using the same i and p layers as the cell shown in Fig. 5(a) except for a µc-Si:H n layer. The J-V curves do not crossover, and the FF is significantly improved. The µc-Si:H n layer can be considered as a seed layer for intrinsic µc-Si:H growth, which leads to a good interface between the n and i layers. We also found that a slow rate intrinsic µc-Si:H buffer layer deposited using RF glow discharge has the same effect as a seed layer and can improve the FF significantly. 
Material characterization Introduction
Compared to low rate µc-Si:H solar cells deposited using RF and MVHF glow discharge, high rate µc-Si:H solar cells made using microwave glow discharge show low J sc as shown in the previous sections. In order to get a better understanding of the material quality, we measured a few samples using XRD, Raman and SAXS to study the crystal structure and microvoid density. One possibility for the poor performance of the high rate microwave deposited µc-Si:H solar cell could be the impurity diffusion after deposition, especially during the ITO deposition.
Microcrystal Structure
A 0.9 µm thick µc-Si:H film was deposited on Al foil using microwave glow discharge using the conditions for making the intrinsic layer of a µc-Si:H solar cell. The sample was sent to Colorado School of Mines for XRD and SAXS measurements. As a comparison, one RF low-rate sample and one MVHF medium rate sample were also measured. Figure 6 shows the XRD spectra for the three samples. The strong peaks at 38° and 44-45° are due to the Al foil substrate and the stainless-steel sample holder. A relatively low intensity of the microcrystal peaks, especially the (220) peak, from the microwave deposited film indicates a low microcrystal volume fraction. Table VIII lists the relative peak intensities (normalized to the (111) peak) and grain size estimated from the width of the peaks by the Scherrer equation. The I s /I(111) is the relative intensity of the shoulder at 27°. Compared to the RF low rate and the MVHF medium rate samples, the microwave high rate µc-Si:H has preferential orientation along (111), where the RF low rate sample was along (220). The MVHF medium rate sample appears to be close to a random distribution. The grain sizes estimated from different peaks on the XRD spectrum are similar for the microwave deposited sample, but significantly increase in the (220) and (311) directions in the RF and MVHF deposited samples. The low J sc in the microwave deposited µc-Si:H solar cells could be due to the smaller grain size and lower microcrystal volume fraction. Significant differences in preferential orientation also appear for the samples deposited using different techniques, but the effect on solar cell performance is not clear at this moment. Figure 6 . XRD patterns from a RF low rate (A), an MVHF medium rate (B) and a microwave high rate µc-Si:H films. Figure 7 shows the SAXS data from the three films as discussed in the previous section. The intensities from all three samples are higher than those normally obtained from a-Si:H films. The curves show slightly different shapes, indicating different size distributions of scattering objects. Distributions of spheres were used to fit the data and this yields the solid lines through each data set shown in Fig. 7 . Each sample was tilted at 45 degrees relative to the X-ray beam and the resulting SAXS is compared to the nontilted data. Quantitative results are summarized in Table IX . It appears that the SAXS intensity in the high rate microwave deposited sample is higher than the RF and MVHF deposited samples. If the scattering objects are microvoids, the microvoid density is much higher in the microwave deposited µc-Si:H than in those samples deposited using RF and MVHF. A large Q 0 /Q 45 for the RF low rate sample may correlate to the strong (220) orientation observed by XRD spectra as shown in Fig. 6 . This result may imply that the microvoids (or other scattering objects) are associated with the grain boundaries. If that is the case, the lower SAXS intensity in the RF low rate µc-Si:H film than in the microwave high rate µc-Si:H film means a better grain boundary in the RF low rate sample. In addition, the microwave high rate µc-Si:H film has the lowest flotation density as shown in Table IX , which is associated with the highest hydrogen contents as shown in Table X . Figure 7 . SAXS spectra of a high rate microwave deposited µc-Si:H film (BMW7427), a medium rate MVHF deposited µc-Si:H film (RF11817), and a low rate RF deposited µc-Si:H film (LINE14110). We have concentrated on the optimization of microwave glow discharge parameters to search for the best conditions for µc-Si:H solar cell deposition. To date, we have achieved an active-area efficiency of 4.9% at a deposition rate of over 30 Å/s. The J-V characteristics and quantum efficiency are shown in Fig. 8 . Compared to the MVHF deposited µc-Si:H solar cells, the microwave µc-Si:H solar cells have low J sc . We have tried to increase the thickness of the intrinsic layer, but did not obtain higher J sc . We speculate that the crystal volume fraction in the microwave deposited material is too low to achieve high J sc . X-ray diffraction measurements confirmed this speculation. When we increase the microcrystalline volume fraction, the material becomes porous and suffers post-oxidization.
Microvoid Density
a-Si:H/µc-Si:H double-junction solar cells
We have used the optimized µc-Si:H single-junction cell in an a-Si:H/µc-Si:H double-junction structure. The a-Si:H top cell was deposited using RF glow discharge at a low rate and the µc-Si:H bottom cell was deposited using microwave at a high deposition rate ∼ 30 Å/s. The solar cell performance was measured under AM1.5 illumination at 25 ºC. Figure 9 shows the J-V characteristics of the best a-Si:H/µc-Si:H double-junction solar cell made up to date, which has an initial active-area efficiency of 7.2%. Compared to RF low rate and MVHF medium rate cells, the microwave high rate a-Si:H/µc-Si:H double-junction solar cell showed poorer performance. All three characteristic parameters (J sc , V oc and FF) need to be improved. Although the current is strongly top-cell limited, the FF is still low, which could be due to the low FF of the µc-Si:H bottom cell. 10.35 Figure 9 . J-V characteristics and quantum efficiency of an a-Si:H/µc-Si:H doublejunction solar cell, where the µc-Si:H bottom cell was made using microwave glow discharge for 210 seconds.
Summary
We have used a microwave glow discharge system to deposit µc-Si:H solar cells at high deposition rates. We searched for the optimized condition for µc-Si:H solar cell efficiency. The parameters explored include H 2 , Ar and Ne dilution, pressure, substrate temperature, and microwave power. We used SiF 4 for additional etching to promote microcrystalline formation. We also optimized the cell structure and controlled the interface between the doped layers and the intrinsic layer.
The material properties were studied using X-Ray diffraction, Raman, and small angle X-ray scattering. We compared the results to the µc-Si:H films deposited using RF and MVHF and found that the microwave deposited µc-Si:H has a preferential growth direction along (111), which is different from the (220) preferential direction of RF and MVHF deposited µc-Si:H films. We believe that the high-energy ion bombardment resulted in discontinuous growth of grains and suppressed the (220) preferential orientation. SAXS measurements find that the microwave deposited µc-Si:H film has a high microvoid density up to 3% in volume, which is significantly higher than those in the RF and MVHF deposited µc-Si films (around 0.5% in volume).
We have achieved a µc-Si single-junction cell having an initial active-area efficiency of 4.92%, where the intrinsic µc-Si:H layer was deposited in 210 seconds corresponding to about 30 Å/sec. Using this recipe in the bottom cell of an a-Si/µc-Si double-junction structure, we have obtained an initial active-area efficiency of 7.2% with J sc =8.52 mA/cm 2 , V oc =1.32 V, and FF=0.642.
We conclude that microwave plasma can deposit µc-Si:H solar cells at very high rates ~20-30 Å/s. The material quality and solar cell performance are not as good as those deposited using RF and MVHF glow discharge techniques. The main differences between the microwave plasma deposited µc-Si:H and those deposited with RF and MVHF are (111) orientation instead of (220) orientation based on XRD and high microvoid density based on SAXS measurements.
